We report the design of a luminescent sensor based upon the zinc finger (ZF) protein TIS11d, that allows for the selective time-resolved detection of the UUAUUUAUU sequence of the 3 0 -untranslated region of messenger RNA. This sensor is composed of the tandem ZF RNA binding domain of TIS11d functionalized with a luminescent Tb 3+ complex on one of the ZFs and a sensitizing antenna on the other. This work provides the proof of principle that an RNA binding protein can be re-engineered as an RNA sensor and, more generally, that tunable synthetic luminescent probes for biomolecules can be obtained by modifying biomolecule-binding domains.
Introduction
Fluorescence spectroscopy is routinely utilized in laboratories to study biological systems because it is a sensitive, cheap and easy-to-use technique.
1 To go one step further in understanding life at the molecular level, smart luminescent probes that selectively detect, quantify or image the key components (DNA, RNA, protein, small molecules or metal cations) involved in specic biological processes are needed. Even though synthetic chemists have developed a large number of low-molecularweight uorescent probes that can detect various analytes (reactive oxygen species, amino acids, anions or metal cations) or that can respond to their microenvironment (pH, redox potential), 2-8 selective sensing of larger biomolecules such as proteins, DNA or RNA is more challenging with small molecular probes. 4, [9] [10] [11] [12] [13] [14] [15] [16] Compared to low-molecular-weight analytes, the selective recognition of large biomolecules requires a high number of interactions between the probe and its target, which are difficult to implement and control with small synthetic molecular probes.
An attractive strategy for the design of luminescent probes of biomolecules is to exploit the native recognition properties of certain biomolecules for other biomolecules. For instance, DNA/RNA or DNA/DNA recognition has been used successfully to design selective uorescent probes for specic RNA or DNA sequences. The approach relies on the hybridization of the target RNA or DNA strand with a complementary DNA strand ‡ that incorporates a suitable uorophore (and a quencher in the case of molecular beacons). 10, 12, 17, 18 The binding domains of proteins are also attractive for the design of probes for various analytes, including biomolecules. Here, the best examples are the genetically encoded probes that have been developed for various small bio-analytes, [19] [20] [21] [22] [23] [24] oligonucleotides. These probes were created by linking uo-rescent proteins with a protein that binds the analyte of interest. One advantage of this approach is that the binding domains of proteins intrinsically feature the required selectivity and affinity as well as association and dissociation kinetics in a suitable range for reversible and dynamic exchange of the analyte in biological media. This makes them ideal recognition units to design probes for biological applications. However, there are several drawbacks to the use of genetically encoded sensors: they can only be used in organisms that can be genetically modied and control of the levels of the probe's expression, localization and optical properties is not straightforward.
Alternative strategies, such as the development of synthetic luminescent probes of large biomolecules -and more generally bio-analytes -that can be tuned and utilized for applications in vitro or in vivo (in any organism) are needed. To meet this need, one approach would be to prepare synthetic probes that replicate the biomolecule-binding domains of proteins. However, these domains are typically large (>50 amino acids) and the entire domain must be synthesized in order for it to adopt the stable three-dimensional structure required for an optimal interaction with the target biomolecule. This approach is therefore synthetically challenging. A few examples of synthetic luminescent probes of biomolecules have been described based upon short peptide segments (<25-30 amino acids) derived from protein-or DNA-or RNA-binding proteins. [27] [28] [29] [30] These peptide-based probes are almost unfolded in the absence of the analyte and fold upon analyte binding. The energy cost associated with this folding event lowers the affinity of the probe for the analyte compared to the well-folded parent protein. Therefore, such probes are less sensitive. Recent progress in chemical protein synthesis [31] [32] [33] allowed us to envision the design of synthetic luminescent probes based on biomolecule-binding domains of proteins comprising up to more than 100 amino acids and incorporating chromophores/uorophores with optimized and tunable optical properties. Such probes should have superior sensitivity to short peptide based probes.
The main challenge in designing a luminescent sensor is to couple the binding event to the emission event, i.e. the change in light emission is due only to the binding of the receptor to its target. 34 This approach has the potential to be generalizable as it only requires that the probe adopts different conformations in the bound and unbound states, affecting the antenna/Ln 3+ distance.
34
In this article, we demonstrate that a biomolecule-binding domain of a protein can be re-engineered into a lanthanidebased turn-on luminescent probe that retains the intrinsic binding properties of the native protein. We describe the rational design, the synthesis and the characterization of a luminescent probe that detects the 9-nucleotide long UUAUUUAUU RNA sequence located in the adenylate-uracylate-rich elements (AU-rich elements) of the 3 0 -untranslated region of messenger RNA (mRNA). The probe utilizes lanthanide luminescence and it was designed based upon the tandem zinc nger RNA binding domain (RBD) of TIS11d (also called ZP36L2), a protein of the tristetraprolin (TTP, also called ZP36) family that plays critical roles in mRNA regulation by simultaneously regulating multiple cytokines associated with inammation (e.g. TNFa) and also functions as a tumor suppressor. [38] [39] [40] The probe was obtained by chemical synthesis, is selective for the target mRNA sequence and exhibits a similar binding affinity compared to that of the native TIS11d RBD with the same RNA target. These ndings provide the proof-of-principle that fully synthetic biomolecule-based luminescent probes that are selective for a specic target can be prepared.
Results and discussion

Design of the probe
Among the proteins of the TTP family, TTP/ZFP36, TIS11b/ ZFP36L1, and TIS11d/ZFP36L2 are highly homologous and all bind to same AU-rich mRNA targets. We chose TIS11d as the basis for our designed luminescent probe because it is the only homolog for which there is an NMR structure of the two CCCH domains bound to RNA. This allowed us to identify amino acids that we could mutate without affecting the RNA binding activity. TIS11d is a ca. 500 amino acid protein that features a 70 amino acid RBD comprised of two non-classical CCCH zinc ngers 39, 41 separated by a ca. 10-residue exible linker (Fig. 1A) .
42,43 RNA binding brings the two zinc ngers closer together and the RNA-bound TIS11d RBD (Fig. 1B) adopts a more compact fold than the free form, as revealed by its NMR solution structure and by molecular dynamic calculations. [42] [43] [44] We speculated that this conformational change could be harnessed to design a luminescent probe, named LTIS Tb , by graing a DOTA [Tb 3+ ] complex onto one of the zinc ngers of the RBD and a sensitizing antenna onto the other. A more efficient electronic energy transfer (EET) between the antenna and the lanthanide was expected in the presence of the target UUAUUUAUU RNA sequence, resulting in a stronger Tb 3+ emission (Fig. 1C) . The use of an energy transfer system with an organic donor/Ln 3+ acceptor pair rather than an organic donor/organic acceptor pair was motivated by both the luminescence properties of lanthanides and by the requirement of a short distance between the antenna and the lanthanide (below ca. 10-15Å) for efficient sensitization of Ln 3+ luminescence. Purely organic systems require distances up to 40-60Å in order for efficient energy transfer to occur. This distance exceeds the size of the TIS11d RBD (ca. 40Å, based upon the NMR structure of RNA-bound TIS11d RBD
42
). without quenching the sensitizing process by nucleobases.
29,47
Due to the short antenna/Ln 3+ distance required for efficient energy transfer, we searched for ideal positions to introduce the Ln 3+ complex and the antenna on the TIS11d RBD sequence.
The amino acid residues had to be (i) in close proximity when TIS11d RBD binds RNA, (ii) solvent exposed, (iii 49 taking advantage of the numerous zinc-binding cysteines present in TIS11d RBD (Scheme 1). The N-terminal segment 1 features a DOTA[Tb] complex on a lysine side chain in the middle of its sequence and an alkylthioester at its C-end.
The peptide was obtained by solid phase peptide synthesis on SEA-PS resin and the DOTA ligand was introduced onto the resin by coupling the commercially available DOTA-tris(tBu) ester on the lysine side chain aer removal of its alloc protecting group. Aer cleavage from the resin, the unprotected peptide displaying a SEA group at its C-terminus (1a, see ESI †) was both converted into an alkyl thioester using 3-mercaptopropionic acid and metallated with Tb 3+ in a one-pot reaction in water at pH 4.3. The central segment 2 displays the latent thioester SEA group in its oxidized form (SEA off ) at its C-terminus to prevent oligomerization or cyclization during NCL assembly of segments 1 and 2. 50 Finally, the C-terminal segment 3 displays the Cs124 chromophore on the side chain of a glutamate. This chromophore was introduced using Fmoc-Glu(Cs124)-OH 51 during solid phase peptide synthesis of the segment. The onepot assembly of the three segments was performed as described by Melnyk et al. 50 1 and 2 were assembled in a phosphate buffer (pH 7.2) containing mercaptophenylacetic acid (MPAA) to unmask the C-terminal cysteine of 2 and catalyze NCL. Aer completion of this rst ligation step (24 h), 3 was added to the reaction mixture along with the reducing agent tris(carboxyethyl)phosphine (TCEP) to convert the SEA off group at the C-end of the (1 + 2) segment into an active SEA on form and initiate the SEA ligation step. 50 The overall process was completed within 48 h and apo-LTIS was obtained in 48% yield aer purication. Fig. 2A and B show the HPLC chromatogram and mass spectrum of puried apo-LTIS.
The CD spectrum of apo-LTIS Tb (Fig. 2C) ,k which displays a CD spectrum similar to that of the Zn-loaded RBD of TIS11d homologs with a local maximum and minimum at 215 and 230 nm, respectively.
52,53
This indicates that LTIS
Tb is able to adopt the correct fold in the presence of Zn 2+ .
Scheme 1 One-pot N-to-C three-segment assembly of apo-LTIS Tb . Amino acid numbering of TIS11d is used for clarity. The StBu group on the N-terminal Cys of segment 2 is introduced as a protecting group for synthetic reasons and is removed in situ by MPAA in step 1 (ESI †). 43 These data show that the introduction of the DOTA[Tb] complex and the Cs124 antenna on the RBD does not affect RNA binding properties. Of note, during all of these titrations, equilibrium is reached within the mixing time (<10 s), which indicates that the association and dissociation kinetics for 11 AU$LTIS Tb are rapid, a property that is required for efficient real time monitoring of reversible biological processes. Another critical issue for biological probes is selectivity. The selectivity of the luminescence response of LTIS Tb was investigated by measuring the response of LTIS Tb with the 11-mer RNA sequence in which one or the two As were changed for U or G (UUUUUUUUUUU, UUUGUUUAUUU and UUUGUUUGUUU, which are common RNA benchmarks for TTP protein selectivity 52, 54 ) as well as the DNA sequence TTTATT-TATTT (Fig. 3D) . None of these sequences promoted any Tb 3+ luminescence increase, indicating that LTIS Tb responds selectively to the target UUAUUUAUU RNA sequence, much like the native peptide.
RNA-binding properties
Discussion
We have described the successful design and in vitro analysis of a selective luminescent probe for the RNA sequence UUAUUUAUU. This sequence is the binding site for TTP family proteins. In cells, the interaction of TTP with these RNA sequences is a critical step in the regulation of inammation and cancer. Thus, a probe that monitors this pathway has potential as a novel tool to study inammation and cancer signalling pathways. For example, TTP simultaneously regulates multiple mRNAs that encode select pro-inammatory factors (e.g., TNFa, interleukins (IL)-2, -3, and -6, COX-2) and loss of TTP results in systemic hyperinammation. [55] [56] [57] [58] [59] A TTP-based probe could function to measure these cytokine levels in cells under different stimuli and therefore serve as a read-out of inammation. Similarly, TTP recognizes and destabilizes a large number of tumor-related mRNAs (e.g. regulators of the cell cycle (e.g. cyclin D1), angiogenesis (e.g. VEGF, HIF-1), and metastasis (e.g. MMP-1, uPA)), [60] [61] [62] [63] [64] and we envision using the TTP-based probes to monitor mRNA levels in cancer cells. Our approach involved modifying the RBD of one of the TTP family proteins (TIS11d) with a lanthanide ion (Tb 3+ ) and a suitable chromophore to sensitize lanthanide luminescence. By using TIS11d as the basis for the probe, we created a probe that kept the native RBD's selective RNA binding properties, i.e. reversible and dynamic binding with the K d in the nM range. LTIS Tb is a rare example of a protein-based RNA sensor.
29,30
Most RNA sensors described to date are based on hybridization with a nucleic acid oligomer-based uorescent probe. With such a probe, the target RNA sequence must be longer than 15 nucleotides to form an RNA/probe hybrid with sufficient stability. LTIS Tb recognizes a shorter RNA sequence (UUAUUUAUU , 9 nucleotides) showing that this protein-based approach may be a combinatorial manner by varying the Ln 3+ ion, its ligand (the DOTA ligand usually leaves a free coordination site on the lanthanide that is occupied by water molecules and this is detrimental to emission efficiency), the antenna and the position of the DOTA and antenna on the RBD to optimize the probe's emission properties. Additionally, we envision appending functionalities for in vivo applications, e.g. addition of a cell penetrating peptide sequence or a second lanthanide complex to create a ratiometric sensor. The work we have described here demonstrates that a fully synthetic luminescent probe of a target analyte (RNA) based upon a biomolecule-binding domain of a protein can be engineered. By utilizing the robust chemical ligation methodologies that have been developed in the past decade for the chemical synthesis of proteins, the straightforward preparation of a biomolecule with a conjugated antenna and lanthanide complex from short peptide segments was achieved. The biomolecule utilized as the basis for the probe contains two zinc nger domains. These types of domains are amenable to chemical synthesis via chemical ligation methods [65] [66] [67] because they contain numerous zinc-binding cysteines (2 to 4 per Zn 2+ ion, depending on the type of zinc nger). In addition, Nature oen uses zinc ngers to fold biomolecule-binding sites and mediate protein/protein, protein/DNA, protein/RNA and protein/low-molecular-weight molecules interactions, suggesting that our approach can be expanded to target other biomolecules by functionalizing other zinc ngers. Additionally, this design strategy is not limited to zinc nger proteins or cysteine-containing proteins as progress in chemical ligation methods now allows straightforward synthesis of proteins that do not contain cysteines, 33, 68 thereby extending the scope of such probe design.
Conclusion
We have successfully engineered a luminescent sensor for the RNA sequence UUAUUUAUU by modifying the RNA binding domain of TIS11d, a member of the TTP family, such that it contains a Ln 3+ complex and a sensitizing antenna. The sensor was designed based on simple structural considerations and synthesized by the native chemical ligation methodology, which allows straightforward introduction of the Ln 3+ emitter and antenna. Of note, the probe retains all of the RNA binding properties of the native TIS11d RBD, validating this approach. We believe that the design strategy has the potential to be expanded to other biomolecule-binding proteins, providing a general strategy for the development of luminescent probes.
